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GROUND MEASUREMENTS OF SONIC -BOOM PRESSURES FOR 


THE ALTITUDE RANGE OF 10,000 TO 75,000 FEET 1 

By Harvey H. Hubbard, Domenic J. Maglieri, 
Vera Huckel, and David A. Hilton 
Langley Research Center 


SUMMARY 


Sonic-boom measurements are presented for flight tests of fighter and 
bomber airplanes in the altitude range from 10,000 to about 75,000 feet and at 
Mach numbers from 1.1 to 2 for a variety of atmospheric wind and temperature 
gradients and for various flight paths and acceleration rates. Measurements of 
the pressure signatures at 17 locations both parallel and perpendicular to the 
airplane flight track were recorded simultaneously and were synchronized in 
time. 


The pressure signatures measured were similar to N-waves, but in all cases 
they differed in some detail. The shape of the pressure signature from a super- 
sonic airplane is a function of atmospheric conditions, altitude, Mach number, 
flight path, configuration of the airplane, and relative position of the 
observer. Turbulent atmospheric conditions resulted in erratic wave shapes and 
in considerable variation in the measured peak overpressures for given flight 
conditions. As a result of airplane acceleration, more complex wave patterns 
and pressure magnifications are measured at some ground locations. The pressure 
magnification factors for a linear acceleration and a circular turn were noted 
to be approximately 2 and 4, respectively. The measured overpressures associ- 
ated with very high -altitude , steady-flight conditions of the bomber airplane 
are noted to be greater than the predicted values. 


INTRODUCTION 


Because the sonic-boom problem may affect the design and operation of 
future supersonic transports (see refs. 1 and 2) and supersonic military air- 
craft, the U.S. Air Force, National Aeronautics and Space Administration, and 
Federal Aviation Agency have engaged in a joint research program to improve the 
level of technology with regard to this problem. Flight-test studies relating 
to the generation, propagation, and prediction of sonic booms have been con- 
ducted at Edwards Air Force Base, Calif., during September and October' of 1961 . 

■^Supersedes NASA Technical Memorandum X -633 by Harvey H. Hubbard, Domenic J. 
Maglieri, Vera Huckel, and David A. Hilton, 1962 . 



The main objectives of these studies were to provide basic information 
relative to the generation of sonic booms in steady level flight at high alti- 
tudes where lift effects may be significant and relative to the phenomena of 
superbooms due to maneuvering flight. In addition, some experiments were per- 
formed to indicate the manner in which atmospheric phenomena affect sonic booms. 
The main variables of the tests were airplane configuration, weight, Mach num- 
ber, altitude, flight path, and atmospheric wind and temperature gradients. 
Particular emphasis in the flight tests was placed on the use of instrumenta- 
tion to record faithfully characteristic pressure signatures. 

The purpose of this paper is to indicate the scope of the tests, to 
describe the special instrumentation and techniques used, and to discuss some 
of the results of preliminary analyses. A bibliography is also included for 
the convenience of the reader. A method for computing.' ground overpressures is 
presented in an appendix by Harry W. Carlson. 


SYMBOLS 


A airplane cross-sectional area, sq ft 

A(t) nondimensionalized cross-sectional area a/z^ at nondimensionalized 

station t = x/z 

Ag(t) effective nondimensionalized cross-sectional area due to a combina- 
tion of volume and lift effects, A(t) + B(t) 

B equivalent cross-sectional area due to lift at airplane station x 

given by B = — / F-Jdx 

2q J 0 L 

B(t) nondimensionalized equivalent cross-sectional area due to lift B/z^ 

at nondimensionalized station t = x/z 

Cl lift coefficient 


d 


F(t) 


diameter of circle equivalent in area to the airplane cross-sectional 
area 

lifting force per unit length along airplane longitudinal axis 


effective area distribution function, 


i_ r T 4(t) 

2rt Jq \fr - t 


h airplane flight altitude 
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K r ground reflection factor 

K2 body shape factor 

2 length of airplane, ft 

M Mach number 

p reference pressure, lb/sq ft 

p ambient pressure at altitude, lb/sq ft 

3 . 

Pq ambient pressure at ground, lb/sq ft 

Ap incremental pressure above or below ambient pressure due to flow 

field of airplane, lb/sq ft 

Apj. measured free-air pressure rise across shock wave, lb/sq ft 

APq measured pressure rise across shock wave at ground level, lb/sq ft 

Ap r measured reflected pressure rise across shock wave, lb/sq ft 

q dynamic pressure, lb/sq ft 

S wing planform area, sq ft 

t nondimensionalized distance along longitudinal axis from airplane 

W airplane weight, lb 

x distance measured along longitudinal axis from airplane or model nose 

3 = )f M 2 - 1 


7 ratio of specific heats for air, 1 . 4 - 

t dummy variable of integration measured in same direction and with 

same units as t 

value of t giving largest positive value of integral / F(-r)dT 

^0 


M- 


Mach angle. 


sm 


-1 


1 
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The ground instrumentation was located in a T-shaped array , with 10 micro- 
phone locations in a line parallel to the center line of the supersonic flight 
corridor for a distance of about 4 miles. (See fig. 1(b).) This instrumenta- 
tion was alined along a heading of 245°-065° magnetic. Additional microphone 



(b) Main station microphone arrangement. Numbers inside circles refer to specific microphones. 

Figure 1.- Concluded. 


3 1 

stations (see fig. 1 (a)) were located at lateral distances of about — , !■*, 5, 

4 ^ 

10, and 20 miles and were alined generally perpendicular to the arrangement 
parallel to the flight track. The main recording station was located near the 
intersection of the two instrument arrangements. (See fig. 1(b).) The accu- 
rate locations of all stations were established by means of standard surveying 
and optical techniques. 

The tests were accomplished during September and October 1961. During 
this time the surface temperatures varied from about 50° to 95° and surface 
winds from 0 to about 35 statute miles per hour. 

Test Airplanes 

Photographs of the airplanes of the type used in these tests are shown in 
figure 2. The bomber airplane had an overall length of 96.8 feet and a gross 



(a) Bomber. 


L-61-8053 



(b) Fighter. 

Figure 2.- Photographs of airplanes of the type used in the flight tests. L-61-805 1 * 



d- 



(a) Bomber. 


weight varying from about 63,000 to 90,000 pounds. The bomber airplane was 
operated in the configuration shown in figure 2(a) for all test flights. The 
airplane was operated without the detachable external store for the present 
tests, in contrast to those of reference 3 for which the external store was 
attached. The fighter airplane had an overall length of 5^-5 feet, a gross 
weight of about 27,000 pounds, and was flown both with and without wing-tip 
tanks. The cross-sectional-area distributions for the bomber airplane both, 

with and without external store 
and for the fighter airplane 
without wing-tip tanks are 
given in figure 3- AH test 
airplanes were provided, main- 
tained, and operated by U.S. 

Air Force personnel. 

Airplane Positioning 

The airplanes, in all 
cases, were positioned over the 
test area by means of ground- 
control procedures with the aid 
of radar tracking. For tests 
requiring steady-level-flight 
conditions, the pilot was pro- 
vided corrections in heading by 
the ground controller only to 
within about 30 miles of the 
ground zero location of the 
main station. Changes in air- 
craft heading, speed, and alti- 
tude within the 30 -mile distance 
were minimized in order to 
reduce possible effects on the 
sonic -boom ground-pressure pat- 
terns in the test area. 

Radar plotting-board over- 
lays were obtained for all 
flights, and the data obtained 
at 1-second intervals were used 
to provide information of the 
type shown in figure 4. For 
steady-flight conditions the 
data of the plotting-board over- 
lay from which plan position, 

altitude, and speed can be obtained were of sufficient accuracy for purposes of 
the tests. For flights involving maneuvers, more accurate tracking data were 
obtained by the use of additional radar -tracking equipment and digital com- 
puting machine techniques. 



(b) Fighter. 

Figure 3*- Area distribution of test aircraft. 
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Altitude, ft 



Lateral 

distance, miles 



Distance along track, miles 


Figure L.- Radar plotting-board track of airplane during circular -turn maneuver indicating both 
altitude and plan position as a function of distance along track. Data are for flight tests 32 
and 33. 


In order to synchronize the tracking data with all ground-pressure meas- 
urements, a 1,000-cps tone signal was superposed on the data records at the 
time the airplane passed over the main recording station. 


Atmospheric Sounding 

Rawinsonde observations from the Edwards Air Force Base weather facility, 
which was located within about 9 miles of the main recording station, were 
taken within 3 hours of the times of all test flights. Measured values of 
temperature and pressure, along with the calculated speed-of-sound and humidity 
values and wind-velocity and -direction values, were provided at 1,000-foot 
intervals to altitudes of about 5>000 feet in excess of the airplane test alti- 
tude. Samples of the atmospheric pressure, temperature, and speed-of-sound 
data for two of the test flights, along with the standard ICAO atmospheric 
values for comparison (ref. 4), are shown plotted as a function of altitude in 
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figure 5* Wind velocity has been resolved into components parallel to and 
perpendicular to the airplane flight path, and sample data are shown in 
figure 6. 





Figure 5.- Sample results from atmospheric soundings taken during test flights. Data are for flight 

tests 27 and 28 . 




(a) Component along flight path. 


(b) Component perpend! cular to flight path. 


Figure 6.- Sample wind-velocity profiles resolved into components parallel to and perpendicular to 
the flight direction of the airplane. Data are for flight tests 27 and 28. 
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L-61-8055 

Figure 7.- Photograph of wiresonde and auxiliary 
equipment used in obtaining atmospheric 
soundings at altitudes up to 1,000 feet. 


Pressure, temperature, and 
relative humidity data were obtained 
with wiresonde equipment during the 
times of the tests at altitudes up 
to about 1,000 feet. The wiresonde 
equipment consists of a small instru- 
ment package which is connected by 
cable to monitoring instruments on 
the ground and which is positioned 
at various distances above ground 
level by means of a large, helium- 
filled balloon. The nature of this 
equipment is indicated in the photo- 
graph in figure 7* Data were 
obtained with the wiresonde equipment 
at intervals of 100 feet in altitude 
up to the maximum altitude of about 
1,000 feet. Samples of the tempera- 
ture data obtained are plotted in 
figure 8, Wiresonde information 
bridges the gap between surface 
measurements and those obtained 
during the rawinsonde soundings 
described previously. The type of 
information obtained from the wire- 
sonde is useful in describing the 
conditions of the earth's boundary 
layer which, it is believed, may 
have significant effects on the 
sonic-boom signatures. 


Ground-Pressure Instrumentation 


The ground-pressure instrumenta- 
tion provided and operated by the 
NASA consisted of an arrangement of 
special microphones located in an 

area measuring approximately 4 by 20 miles. The main recording station was 
located as shown in figure l(b) and was arranged in such a manner that the sig- 
nals from 11 of the microphones could be recorded simultaneously on magnetic 
tape. In addition to the main station arrangement, a satellite station with up 
to 2 microphone channels was mounted in a vehicle which could be positioned at 
various test locations within a 20-mile radius of the main station. Five meas- 
uring stations with microbarograph equipment were provided by the Atomic Energy 
Commission. One of these stations was located in the same area as the main 
microphone recording station, and the others were located at distances of about 
5, 10, and 20 miles from the main station and in a direction generally perpen- 
dicular to the supersonic-flight corridor. 


10 


lOOOr 



(a) September 14 at 0700 hours. (b) September 5 at 1200 hours. (c) September 5 at 1500 hours. 

Figure 8.- Sample temperature -lapse rate data for three different atmospheric conditions 

encountered during the tests. 


Three types of microphones were used. Commercially available condenser 
microphone measuring systems were specially modified in order to extend the fre- 
quency range from 10,000 cps on the high-frequency end to about 0.10 cps on the 
low-frequency end. The characteristics of this equipment were judged to be 
adequate to reproduce faithfully the sonic-boom signatures for the two airplanes 
and the various operating conditions of these tests. In addition to this spe- 
cial equipment, some commercially available condenser microphones of the type 
used in some previous sonic-boom investigations (refs. 3, 5 , and 6) and with 
usable frequency responses in the range of about 7 C P S to 7^500 cps were also 
used to provide comparative data. It is known that these microphones will not 
faithfully reproduce the sonic-boom signatures but will, however, provide true 
indications of the peak -pressure values. The third type of microphone used 
consisted of microbarograph equipment developed by the Atomic Energy Commission 
to have a flat frequency response in the range 0.02 to 20 cps. These micro- 
barographs give a very good reproduction of the wave shapes except that they 
may not be able to follow the very rapid rise times of some of the waves and 
there may be some degradation of the peak-pressure values where very rapid rise 
times are involved because of the limited high-frequency response. 

The commercially available microphone equipment was field calibrated 
acoustically with a 400-cycle signal applied at the microphone. The specially 
modified microphone equipment and the microbarograph equipment were field 
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calibrated statically before each test with the aid of a pressure bellows and 
a sensitive manometer. Prior to field installation , frequency-response curves 
were obtained for all microphones. Spot checks were also made over a range of 
frequencies during the field tests. 


Special provisions were made to supply time synchronization for all pres- 
sure measurements. This synchronization was accomplished by transmitting a 
short burst of 1,000-cps tone from the radar station in such a manner that it 
was superposed on all pressure- and tracking-data records. 

At the main recording station, pressure data were recorded simultaneously 
on magnetic tape for which the frequency response was flat from 0 to 20,000 cps 
and also on a conventional multichannel oscillograph for which the recording 
elements had a flat frequency response of 0 to 5*000 cps. All traces shown are 
from oscillograph recordings. 


Most of the microphones were mounted at ground level to record the ground 
surface pressures. They were mounted in the surface of a 4- by 4- foot, 
3/4-inch-thick plywood board staked down firmly to the ground. (See fig. 9( a )*) 



(a) Top view. 


Underside of sj- f cce olote v 

\ / 



( b) Bottom view. L-6I-8056 

Figure 9 -- Details of ground microphone installation. 


The microphone itself was suspended 
in a shock mount, as indicated in 
figure 9(b), at the center of the 
board to minimize spurious readings 
because of possible motions of the 
supports. Cheese-cloth screens, 
designed so that they would not 
affect the pressure measurements, 
were placed over the microphones 
to minimize the effects of wind on 
the microphone readings and also 
to provide shade from the sun and 
protection from blowing sand par- 
ticles. Microphones were disas- 
sembled after each day's tests, 
and any accumulated dust was 
removed. In addition, a vertical 
arrangement of two microphones 
(one at ground level and one at a 
height of 30 feet directly above 
the other) was used to indicate 
the true shock-wave angle at ground 
level . 

In order to provide additional 
information relative to the reflec- 
tion of shock waves from the ground 
surface, special provision was made 
to elevate two of the pressure 
pickups during the tests. In one 
case a balloon which lifted a 
microphone to altitudes up to 
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approximately 290 feet above the ground station was used. In another case a 
100-foot television tower was used for mounting a microbarograph. Free-air 
data were obtained both on the track of the airplane and at lateral distances 
up to 20 miles from the track. 


Ground-Motion Instrumentation 

A three-unit seismograph station was located in close proximity to the 
main pressure measuring station (see fig. 1(b)) and was oriented to measure the 
vertical and two horizontal components of ground motion. These units were 
attached to a metal plate set in a thin layer of concrete at the bottom of a 
6-foot-deep hole in the ground and were subsequently buried under 5 to 6 feet 
of tamped earth. Simultaneous recordings of ground motion and pressure were 
made for correlation. 


Check-Out of Pressure-Measuring Instrumentation 

Past experience in the measurement of sonic -boom pressures during flight 
tests has indicated a substantial scatter in the results, as, for instance, in 
the work of reference 3- In order to separate out the normal instrument scatter 
from scatter because of possible atmospheric effects, a special flight test was 
conducted in the present investigation. The objective of this test was to 
obtain comparable data from several channels of measuring instrumentation of 
the same type under conditions where weather effects would be essentially elim- 
inated. In order to do this, seven of the microphones having a frequency 
response of 0.10 to 10,000 cps were shock mounted in a reflection board within 
an area of less than 1 square foot. Data obtained from this instrument setup 
for a special flight test are illustrated in figure 10. 

Data were obtained from a fighter airplane in steady flight at an altitude 
of 41,200 feet and at a Mach number of 1.52 (the quantity "altitude" is used 
consistently in the illustrations and tabulations of the present paper as the 
height of the aircraft above mean sea level). The test was accomplished at 
about 1400 hours at which time there was considerable atmospheric thermal 
activity in the test area. 

The most obvious result of figure 10 is that the wave shapes show remark- 
able similarity. Although the peak amplitudes of the wave traces presented in 
figure 10 are not directly comparable because of variations in the sensitivity 
of the various channels of equipment, the measured peak values indicated in 
the figure are noted to be within a range of ±15 percent or the equivalent of 
about ±1 dB. Since it is believed that weather effects were essentially the 
same for each of these measurements, it is concluded that this amount of. scatter 
may be ascribed to the instruments and measurement procedures and that scatter 
in excess of this amount in other tests would probably be due to other causes. 
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DISCUSSION OF RESULTS 


The data presented in this section of the paper have come from preliminary 
analyses of the test results. Not all data obtained during the flight tests 
are presented. Sample results of flight tests for fighter and bomber airplanes 
in steady flight at high altitudes and for fighter airplanes in maneuvers are 
presented. In addition to data which apply directly to these flight conditions, 
some indications of the effects of the atmosphere and reflections from the 
ground were obtained. 


Effects of Various Parameters on the 
Measured Pressure Signatures 

The atmosphere . - There was some concern for the results in figure 10 since 
the equipment used was adequate to have indicated an N-wave signature if one 
had existed. The reasons for deviation from the classical N-wave for the con- 
ditions in figure 10 were not known at the time, but subsequent tests suggested 
that these deviations were due to atmospheric effects. This phenomenon can be 
illustrated by the waveform data of figure 11. 

The waveforms in figure 11 were obtained with the same measuring channel 
and for similar flight conditions but on different days and at different times 
of day. The airplane was in steady-level flight at a Mach number of about 1.92 
and at an altitude of about 51>000 feet. The waveforms of figures 11(a), ll(b), 
and 11(c) were obtained in the morning and afternoon of one day and in the 
morning of another day, respectively. 

The waveform in figure ll(a) has the gross characteristics of the classical 
N-wave shape. It does, however, deviate from the N-wave shape in some important 
respects. The rate of onset of positive pressure is at first very rapid but 
then apparently falls off, with the result that the positive peak is rounded 
off. The slowly decreasing portion of the wave is essentially linear and ter- 
minates with a rapid recompression. The rate at which recompression occurs 
also apparently then reduces with the result that a rounding off back to atmos- 
pheric pressure occurs. 

The waveform in figure 11(b) is significantly different than that for fig- 
ure ll(a). For instance, the onset of positive pressure occurred at a much 
slower rate, the positive peak is broader as is the negative pressure peak, and 
the recompression to atmospheric pressure also occurs at a much slower rate. 
There are thus indications that small spurious pressure variations are super- 
posed on the basic waveform. 

The waveform in figure ll(c) is very similar to that in figure ll(a). It 
is significant to note that the data in figures 11(a) and ll(c) were taken on 
different days but both were recorded during the early morning hours. The data 
in figure 11(b) were recorded during the afternoon. Atmospheric conditions, in 
particular those near the ground surface, were considerably different in the 
morning than in the afternoon in the area of the test site. During the morning 
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when a temperature inversion usually exists, as illustrated in figure 8(a) , the 
atmosphere is quiescent. Later in the day as a superadiabatic temperature 
lapse-rate condition is reached, as illustrated in figure 8(c), the thermal 
activity increases and there is an increasing amount of atmospheric turbulence. 
There is, therefore, the suggestion that the waveforms recorded may be signifi- 
cantly affected by the convective activity in the atmosphere near the earth’s 
surface. 

This type of atmospheric effect would probably be somewhat different along 
each ray path; and therefore if measurements were made at a series of points 
along the ground track of the aircraft, the waveforms might be expected to dif- 
fer from each other. In order to document these phenomena better, data from 
several microphones along the track are shown for the same flights as the data 
of figures 11(a) and ll(b) and are presented in figure 12. In figure 12(a) are 
presented the pressure signatures measured from 5 different microphones on the 
ground track of the aircraft which was flown at an altitude of about 53 >100 feet 
and a Mach number of 1.92. The recordings were made at 1000 hours. It may be 
seen from the figure that the same general waveform existed at all measuring 
stations, and the pressure signatures differed from each other only in some 
small details. The high-frequency fluctuations on the records of microphones 7 
and 8 are circuit noise from the power-supply units. As a matter of further 
information, the peak -pressure values were within ±20 percent of the mean value. 

In contrast to the results of figure 12(a), the pressure signatures of 
figure 12(b) are presented. These data are for approximately the same Mach 
number and altitude but were recorded at 1^00 hours on the same day. It can be 
seen that the signatures at different measuring stations may be widely differ- 
ent in shape and in some cases bear only a slight resemblance to an N-wave. 

The rise times were noted to be generally longer than those of figure 12(a), 
and the peak-pressure values scattered as much as ±50 percent from the mean 
value. It is believed that the main difference in the test conditions under 
which the two sets of data of figure 12 were obtained is the amount of convec- 
tive activity in the atmosphere at the lower altitudes . 

Aircraft c onf i gurat ion .- An additional way in which the pressure signatures 
may vary from the classical N-wave shape is illustrated in figure 13 . It can 
be noted, for instance, in the tracing of figure 13 (a) that an additional peak 
occurred in the record about midway between the first and last pressure rise. 
Based on previous experience, this additional pressure rise is probably associ- 
ated with the geometry of the airplane, and in particular with the wing. (See 
ref. 7-) As the pressure field develops as a function of distance from the air- 
plane, this disturbance tends to move forward as can be seen from the tracings 
of figure 13 . For this particular airplane, coalescence with the bow wave 
apparently occurs at an altitude of about 50,000 feet. Although these trends 
seem to be mainly a function of altitude for this particular airplane, Mach 
number may also be significant for the range of Mach numbers covered. 

Ground reflection .- The pressure signatures of figures 10 to 13 were meas- 
ured at ground level and essentially consist of the incident and reflected waves 
added together in phase. Provision was also made to measure the incident (free 
air) and reflected components separately, and this was done with a microphone 
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(a) Data recorded at 1000 hours (flight test 4). 


Figure 12.- Sonic-boom ground -pressure signatures from five different microphones for the fighter 
airplane at a Mach number of 1.92 and an altitude of about 50,000 feet. (Values of Ap g are 
expressed in pounds per square foot.) 


















suspended above the ground surface by means of a balloon. Some sample results 
of such experiments for both fighter and bomber airplanes are given in 
figure l4. 

The type of signature obtained is a function of the height of the meas- 
uring point above ground, the Mach number of the airplane, and the spacing, of 
the waves which in turn is a function of the airplane configuration and its , 
altitude. The tracings of figures 14(a) and 14(c) are for the fighter and 
bomber airplanes, respectively, and the test conditions were such that the. 
incident and the reflected waves are separated. It can be seen that the gross 
features of the two components in each case are similar and that the peak pres- 
sures are approximately equal. (The reflecting surface in each case was the- 
hard flat dry lake bed. ) 

A somewhat different result is illustrated in figure l4(b) in which the- 
test conditions were such that the incident and reflected components were not 
separated. For the case illustrated, the reflected wave is superposed on the 
incident wave but is not in phase with it. For a given airplane and for given 
flight conditions, various phasing combinations would exist depending on the 
height of the observation point above the ground reflecting surface. 

Curved flight path . - More than a single N-wave may also be observed as a 
result of curved flight of an airplane (ref. 8). In such a maneuver the ray 
paths may converge with the result that pressure buildups occur in some areas 
on the ground in excess of those which result from steady flight at comparable 
conditions. Such pressure buildups are referred to as "superbooms" and are 
believed to occur when disturbances from more than one point on the airplane . 
flight path arrive at a point on the ground at nearly the same time. It is, 
of course, possible for disturbances from more than one point along the flight 
path of the airplane to reach the same point on the ground at different times 
during a turning maneuver of the airplane. Data illustrating this latter phe- 
nomenon are presented in figure 15 . 

The data of figure 15 apply to a circular turn maneuver of the type illus- 
trated in the plan-position radar track of figure 4 and were recorded at a 
position on the ground near the main recording station. The airplane was at an 
altitude of 32,200 feet, a Mach number of 1.43, and was operated in a 1 . 5g cir- 
cular turn. In addition to the conventional N-wave pressure signature, a 
tracing of which is shown at the top of figure 15 , a second and a third waveform 
were also recorded subsequently at time intervals of 0-92 and 1.17 seconds, 
respectively, after the first waveform. The waveforms which arrived at the 
later times were noted to have longer time periods and lower peak pressures . 
These three waveforms are believed to have propagated in such a manner as to 
arrive at the same measuring station on the ground at the time intervals indi- 
cated. At other measuring stations on the ground, similar results were obtained 
except that the time intervals between waveforms differed. 

For other flight conditions and for a similar turn maneuver, measurements 
were made of a superboom in which the peak pressures were about four times those 
anticipated for steady-level flight at the same conditions. It is believed that 
in this latter case waveforms from more than one location on the flight path 
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Time interval between first and 
second waveform, 0.92 sec 


A Pq = -87 

Second waveform 



^ 

H 


Time interval between second 
and third waveform, 0.25 sec 


Ap = .60 



Third waveform 


.095 sec 



Figure 15.- Tracings of sonic-loom ground-pressure waveforms recorded at a location near the flight 
track during the circular-turn maneuver of the type shown in figure 4. Data are from flight 
test 18. (Values of Apq are expressed in pounds per square foot.) 
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probably arrived at the given ground measuring station at the same time. The 
manner in which such a phenomenon might take place is i llu strated by the wave- 
form tracings of figure l6. 

Airplane linear acceleration .- Data are presented for four different meas- 
uring stations along the ground track of the fighter airplane during linear 
acceleration at low supersonic speeds. At measuring stations 2, 3 * 6, and 7 as 
identified in figure l(b), it can be seen that two types of N-wave pressure 
waveforms were measured. The first of these was, in each case, the stronger of 
the two and had the shorter time period. Furthermore, it can be seen that the 
time interval between the first and second waveforms changes progressively from 
a relatively large value at station 7 to a rather small value at station 3* 
Measurements at intermediate locations, which are not included in the figure, 
were consistent with those shown. At station 2 it is believed that this pro- 
gression has continued to the point where the two waves are nearly superposed. 
When this happens, the peak pressure is noted to be approximately twice that 
measured at any of the other measuring stations. The orderly progression of 
waves illustrated in figure l6 is believed to be illustrative of the manner in 
which superbooms occur. 

Airplane altitude . - Ground -pres sure signatures have been obtained for the 
bomber airplanes for a range of altitudes from about 30,000 to 75*000 feet and 
for a range of Mach numbers from about 1.5 to 2.0. Representative tracings of 
some of these waveforms obtained on the ground track at the same microphone 
location for several different flights are presented in figure 17 . It can be 
seen that all the waveforms presented are of the N-wave type and are similar in 
nature to those that have been presented for the fighter airplanes. They do, 
however, differ in that the peak pressures are somewhat higher and the time 
intervals are longer for comparable flight conditions. 

In general, it can be seen that the peak-pressure values decrease and the 
time intervals increase as the altitude of the bomber aircraft is increased. 

It may also be seen that the return to atmospheric pressure at the end of the 
pressure signature is accomplished in a shorter time for the bomber airplane of 
figure 17 than for the fighter airplane of figure 12. In all cases there is a 
very sudden onset of positive pressure followed by a rounding off of the posi- 
tive peak, as was previously noted for the fighter airplane. There are no 
distinct additional peaks present between the two main pressure peaks as were 
noted for the fighter airplanes in figure 13 . There is, however, a suggestion 
of the presence of some additional mild disturbances for altitudes below about 
50,000 feet. An additional general result is that the positive impulse, as 
represented by the area under the positive part of the curve, is consistently 
greater than the negative impulse for the bomber airplane as well as for the 
fighter airplane. The significance of this asymmetry is not fully understood 
at this time although it is believed that the effects o£ lift would at least 
partly account for it. 

Airplane lateral distance .- Ground-pressure signatures have been obtained 
at various lateral distances up to 20 miles from the ground track for the bomber 
airplane at an altitude of about 6l,000 feet and at a Mach number of about 2.0. 
Tracings of some of these measured signatures are presented in figure l8. Also 
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Figure l6.- Tracings of sonic-boom pressure waveforms measured, at four stations along the flight 
track during linear acceleration of the fighter airplane at an altitude of 14,200 feet. Data are 
from flight test 20. (Values of Ap 0 are expressed in pounds per square foot.) 








(a) Altitude, 31,200 feet} M = 1-5- 



(b) Altitude, 42,100 feet; M = 1.8. 



(c) Altitude, 51,600 feet} M = 2.0. 



(d) Altitude, 6l,100 feet; M = 2.0. 



(e) Altitude, 70,700 feet; M = 1.72. 

Figure 17- - Tracings of sonic-boom ground-pressure signatures for the bomber airplane at various 
altitudes and Mach numbers. (Values of Ap n are expressed in pounds per square foot.) 









presented in the figure are peak overpressures and time-interval values meas- 
ured for each test. Here again, as in figure 17, the pressure signatures are 
seen to have the gross features of N-waves. At the larger lateral distances, 
however, they seem to have a more ragged appearance, possibly a result of 
atmospheric effects in propagation. A notable difference is that at the 
lateral -distance locations there is a relatively slow rise time and a relatively 
slow return to atmospheric pressure as compared with the data of figure 17 
which were obtained on the ground track. In general, the peak-pressure values 
decrease gradually as the lateral distance increases. The time intervals, how- 
ever, do not seem to vary in a systematic manner with increasing distance as 
was the case for increasing altitude in figure 17 . 


Peak Overpressure Measurements 

Peak overpressures have been determined from pressure-signature records 
similar to those of figures 10 to l8 for the flight tests of the fighter and 
bomber airplanes, and these values are plotted in figures 19 to 21. The 
fighter-airplane data of figure 19 are for the altitude range of about 10,000 
to 50,000 feet and apply directly to locations on the ground track. Values of 



Altitude, ft 


Figure 19-- Measured peak overpressures at ground level as a function of altitude for fighter air- 
planes in steady level flight. Data are included for both morning and afternoon flights. 


Apq vary from about 4 pounds per square foot to about 0.4 pound per square 

foot. Data points are coded to indicate that some apply to conditions 

of a quiescent atmosphere as in figure 12(a) and that some apply to conditions 

of a turbulent atmosphere as in figure 12(h) . The two calculated curves are 
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for Mach numbers of 1.2 and 2.0 and are based on volume considerations only, a 
standard atmosphere being assumed, by means of the folio-wing equation from 
reference 9: 


Ap 0 = K r 


l/Pa^O 

h^A 



1 


, 1 / 8 , 


Kr 




( 1 ) 


For the calculations of figure 19, 


K r — 1.9 
K2 = 0.60 
Z = 5 I +.5 feet 

d/z = 0.12 


In general, the measured points scatter about the calculated curves, the highest 
values and the greatest scatter being associated with turbulent atmospheric 
conditions. 

The peak ground overpressures determined for the bomber aircraft are pre- 
sented as a function of altitude for an altitude range 30,000 to 75;000 feet 
and for a Mach number range of 1.5 to 2.0 in figure 20 . The data points are 
coded to indicate the various gross-weight ranges of the aircraft during a 
rather extensive series of flight tests without the external store component 
and for a limited number of flights with the external store component. Also 
included for comparison are theoretical calculations based on a standard atmos- 
phere for volume only and for volume and lift combined. The solid curve was 
calculated by means of equation (l) and for the following values: 

K r = 1.9 
K 2 = 0.62 

Z = 98.8 feet 
d/z = 0.12 

The cross-hatched region represents the range of ground overpressure values 
(which were calculated by means of eq. (Al) and have been evaluated by the 
numerical method described in the appendix and also in ref. 10 ). This proce- 
dure represents an attempt to account for both volume and lift effects for the 
gross-weight range of 62,000 to 92,000 pounds. 
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Figure 20.- Measured peak overpressures at ground level as a function of altitude for bomber air- 
planes in steady level flight. Data are presented for a range of Mach numbers from 1.5 to 2.0. 


The experimental data of figure 20 are seen to have some scatter which is 
partly due to the gross-weight variations of the tests and partly to measuring 
techniques and atmospheric effects. In general, the measured overpressure 
values decrease as the altitude increases, those pressures associated with the 
higher gross weights having the higher values. It may be seen that the meas- 
ured data clearly fall above the calculated curve based on volume effects only; 
thus, lift effects are suggested to be significant for the whole range of alti- 
tudes of these flight tests and particularly for the higher altitudes. It may 
be seen further that the experimental data fall generally above the calcula- 
tions where lift and volume have both been taken into account, the one excep- 
tion being the series of recent data points obtained during flights with the 
external store component. (See ref. 11.) These latter data are noted to be 
lower in magnitude than comparable values obtained without the external store 
in place. This latter finding is in qualitative agreement with similar wind- 
tunnel and analytical studies of reference 12. 
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Peak ground overpressures measured during the tests for various lateral 
distances up to 20 miles from the flight track and for flight conditions of a 
Mach number of 2.0 and an altitude range of 6l,000 to 66,000 feet are presented 
in figure 21. These data points were determined from pressure waveforms of the 



Lateral distance, miles 


Figure 2] Measured, peak overpressures at ground level as a function of lateral distance for bomber 

airplanes in steady level flight. Data are for the altitude range of 61,000 to 66,000 feet and 
for a Mach number of about 2.0. 


type presented in figure l8. The solid curve was calculated based on volume 
considerations alone by the method of reference 13 , for which a cutoff distance 
of 27 miles due to refraction is indicated. The dashed curve is faired through 
the arithmetic average value of the measured pressures at each location. The 
measured values decrease as lateral distance increases; as a result, at a dis-, 
tance of 20 miles from the flight track the pressure values are approximately 
one-half those measured on the ground track. The measured values are consist- 
ently higher than the calculated values shown, although these differences are 
noted to be greater at locations near the track. This result suggests that the 
effects of lift may be most significant at locations on the track and at the 
smaller lateral distances. 
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Ground-Mot i on Measurements 


For all the flights listed in table I, measurements of ground motion 
were made in a vertical plane as well as parallel and perpendicular to the 
direction of flight in a horizontal plane. Although some motions were recorded 
in each of the three directions for each flight test, the peak amplitudes did 
not exceed 0.001 inch. The largest motions were noted to occur in the vertical 
plane and in the horizontal plane parallel to the direction of flight. The 
records indicated a damped sine-wave type of motion having a frequency of about 
10 cps, and it is believed that the disturbances were of a localized nature. 


CONCLUDING REMARKS 


The pressure signatures measured were similar to N -waves, -but in all cases 
they differed in some detail. The shape of the pressure signature from a super- 
sonic airplane is noted to be a function of atmospheric conditions, altitude, 
Mach number, flight path, configuration of the airplane, and relative position 
of the observer. As a result of changes in flight path or acceleration of the 
airplane, a more complex wave pattern is measured for maneuvering flight than 
for steady level flight, and for some ground locations pressure magnifications 
occur. The magnification factors for a linear acceleration and a circular turn 
were noted to be approximately 2 and 4, respectively. Effects of lift are 
noted to be significant for the bomber airplane for altitudes from 30,000 to 
about 75,000 feet and are more pronounced at the higher altitudes. Lift effects 
as detected by ground-pressure measurements are more pronounced directly under 
the aircraft and tend to decrease at increased lateral distances. 


Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., February 5, 1964. 
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APPENDIX 


METHOD FOR COMPUTING GROUND OVERPRESSURES 
By Harry W. Carlson 


Outline of Method 

An outline of the theoretical method used in estimating the intensity of 
the far-field how-shock pressure rise directly below an airplane in level super- 
sonic flight is shown in figure 22. The method shown here is in a form suitable 
for a numerical solution with desk calculators or with electronic computing 



Figure 22.- Outline of steps in theoretical estimation method. 


machines. It has been derived from the work of reference l4; the main differ- 
ences stem from changes in terminology and in the expression of lift effects 
in terms of equivalent cross-sectional area. The following equation relates 
overpressure to the geometry of the airplane and the flight conditions. 
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1.197 


F ( t ) cLt 


(Al) 



K r f3 l/4 


h + 1 



The right-hand side of the equation depends only on the lift distribution and 
the geometry of the airplane and is evaluated in the following manner. The 
necessary inputs to the computation are a nondimensionalized airplane area 

distribution A(t) formed by supersonic area rule cutting planes = sin _ l 

and a nondimensionalized equivalent area distribution due to lift B(t) eval- 
uated through an integration of the lifting force per unit length along the 
airplane longitudinal axis. The B(t) curve which is evaluated from the 
integral 


F^dx (A2) 


is seen to depend on the weight of the airplane, the Mach number, and the 
dynamic pressure, in addition to the shape of the loading curve. A combined 
area distribution Ap;(t) is formed by a direct addition of the A(t) and 
B(t) curves .j The Aj;(t) curve is then approximated by a series of para- 
bolic arcs having a first derivative composed of connected straight-line seg- 
ments and a second derivative composed of a step or pulse function. The inte- 
gral involved in the F(t) function 



F(t) 


i r a e( 1 ) 

2jr J o \]t - t 


can be evaluated easily when Ag(t) is a constant, and by superposition a com- 
plete F(t) curve may be built up corresponding to the Ag(t) pulse distribu- 
tion. An integration of the F(t) function to the point tq (cross-hatched 
area in fig. 22) is then used in evaluating the pressure-rise characteristics 
expressed by equation (Al) . The degree of approximation of the AE(t) curve 
can be improved by increasing the number of pulses used. In the machine com- 
puting procedure used for the estimates of this report the airplane length is 
divided into 100 units. 


Results Obtained by Method 

When the preceding computational procedures are followed for a series of 
assumed weights, Mach numbers, and dynamic pressures, the results are 


3k 


g|H 



conveniently expressed in the form shown in figure 23- As a matter of interest, 
theoretical curves are shown for the cases where volume effects alone or, lift 




Figure 23.- Configuration sonic-boom characteristics in parametric form. 


effects alone were considered. The results may be considered to apply for a 
range of Mach numbers, if changes in area and lift distribution with Mach num- 
ber are ignored. Estimates of ground overpressures may be made when proper 
values of the factors in the parameters are substituted. For the estimates of 
this report, the reflection factor was assumed to be 2.0 and the reference 
pressure p was taken as the geometric mean of the pressure at altitude and 

the pressure at ground level \j P a P 0 • 
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TABLE I.- SONIC -BOOM TEST FLIGHTS 


Flight 

test 

Date 

Time 

Airplane 

Type of 
flight 

Purpose of flight 

of 

day 

Type 

Weight, 

lb 

Altitude , 
ft 

Mach number 

Atmospheric 

effect 

Superboom 

Generation and 
propagation 

1 

9- 1-61 

1345 

Fighter 


41.2 X 103 

1.52 

Steady 


~ 

X 

2 

9- 6-61 

1245 

Fighter 


40.5 

1.37 

Steady 



X 

3 

9 - 6 - 6 l 

1253 

Fighter 


42.0 

1.45 

Steady 



X 

it 

9-11-61 

1000 

Fighter 


53-1 

1.92 

Steady 

X 



5 

9-11-61 

i4oo 

Fighter 


51.0 

1.92 

Steady 

X 



6 

9-13-61 

0940 

Fighter 


51.0 

1.93 

Steady 

X 



7 

9 - 14-61 

0800 

Fighter 


40 to 20 

1.2 to 1.5 

Maneuver 


X 


8 

9 - 14-61 

0810 

Fighter 


40 to 20 

1.2 to 1.5 

Maneuver 


X 


9 

9 - 14-61 

0820 

Fighter 


40 to 20 

1.2 to 1.5 

Maneuver 


X 


10 

9 - 15-61 

1235 

Fighter 


40 to 20 

•9 to 1.4 

Maneuver 


X 


11 

9 - 15-61 

1242 

Fighter 


40 to 20 

■9 to 1.4 

Maneuver 


X 


12 

9 - 15-61 

1248 

Fighter 


40 to 20 

.9 to 1.4 

Maneuver 


X 


13 

9 - 15-61 

1254 

Fighter 


40 to 20 

.9 to 1.4 

Maneuver 


X 


14 

9-18-61 

0834 

Fi ghter 


10.3 

1.24 

Steady 



X 

15 

9-18-61 

08 40 

Fighter 


14.6 

.9 to 1.16 

Maneuver 


X 


16 

9-18-61 

0846 

Fighter 


14.2 

.9 to 1.17 

Maneuver 


X 


17 

9-21-61 

0820 

Fighter 


32.2 

1.48 

Maneuver 


X 


18 

9-21-61 

0828 

Fighter 


32.2 

1.43 

Maneuve r 


X 


19 

9-21-61 

0835 

Fighter 


32.2 

1.42 

Maneuver 


X 


20 

9-22-61 

0933 

Fighter 


14.2 

.9 to 1.17 

Maneuver 


X 


21 

9-22-61 

0942 

Fighter 


33-3 

1.52 

Maneuver 


X 


22 

9-22-61 

0953 

Fighter 


43.2 

1.44 

Steady 



X 

23 

9 - 25-61 

0855 

Fighter 


14.0 

•9 to 1.11 

Maneuver 


X 


24 

9 - 25-61 


Fighter 


(a) 

(a) 

(a) 




25 

9 - 25-61 

0912 

Fighter 


32.2 

1-34 

Steady 



X 

26 

9-28-61 

0850 

Bomber 

76,980 

(b) 

(b) 

(b> 




27 

9-28-61 

0900 

Bomber 

70,980 

61.5 

1-95 

Steady 



X 

28 

9-28-61 

0910 

Bomber 

65,930 

62.4 

1.96 

Steady 



X 

29 

9 - 29-61 

1430 

Fighter 


33-6 

1.13 

Steady 



X 

30 

9-29-61 

1435 

Fighter 


32.8 

1.69 

Steady 



X 

31 

10- 2-61 

0910 

Bomber 

82,280 

62.1 

2.0 

Steady 



X 

32 

10- 3-61 

0905 

Fighter 


33-7 

1.5 

Maneuver 


X 


33 

10- 3-61 

0908 

Fighter 


33-7 

1.5 

Maneuver 


X 


34 

10 - 4 - 6 l 

0845 

Bomber 

34,980 

61.1 

2.0 

Steady 



X 

35 

10 - 4 - 6 l 

0855 

Bomber 

74,780 

63.0 

2.0 

Steady 



X 

36 

10- 4 - 6 l 

0907 

Bomber 

66,780 

65-3 

2.0 

Steady 



X 

37 

10- 5-61 

0938 

Fighter 


40 to 20 

1.2 to 1.5 

Maneuver 


X 


38 

10- 5-61 

0946 

Fighter 


40 to 20 

1.2 to 1.5 

Maneuver 


X 


39 

10- 5-61 

0954 

Fighter 


40 to 20 

1.2 to 1.5 

Maneuver 


X 


40 

10- 6-61 

1005 

Bomber 

83,800 

61.5 

2.0 

Steady 



X 

4 l 

10- 6-61 

1012 

Bomber 

78,800 

64.0 

1.98 

Steady 



X 

42 

10- 6-61 

1022 

Bomber 

70,800 

65.6 

1.97 

Steady 



X 

43 

10- 6-61 

1031 

Bomber 

64,000 

61.3 

2.0 

Steady 



X 

44 

10- 9-61 

0841 

Fighter 


33-7 

1.41 

Steady 



X 

45 

10- 9-61 


Fighter 

( = ) 

( = ) 

(c) 

(O 




46 

10-10-61 

0842 

Bomber 

85,200 

51.6 

2.0 

Steady 

X 


X 

47 

10-10-61 

0850 

Bomber 

74,800 

49.7 

1.96 

Steady 

X 


X 

48 

10-10-61 

0901 

Bomber 

67,700 

70.7 

1.72 

Steady 



X 

49 

10-10-61 

0906 

Bomber 

64,000 

59-5 

2.0 

Steady 



X 

50 

10-10-61 

1025 

Fighter 


51-1 

1.4 

Steady 



X 

51 

10-12-61 

0815 

Bomber 

89,200 

42.1 

1.80 

Steady 

X 


X 

52 

10-12-61 

0822 

Bomber 

79,900 

41.2 

1.85 

Steady 

X 


X 

53 

10-12-61 

0830 

Bomber 

70,400 

31.2 

1.5 

Steady 

X 


X 

54 

10-12-61 

0836 

Bomber 

63,600 

31.2 

1-5 

Steady 

X 


X 

55 

10-12-61 

1420 

Fighter 


21.7 

1.35 

Steady 

X 



56 

10-12-61 

1426 

Fighter 


22.0 

1.23 

Steady 

X 



57 

10-12-61 

1432 

Fighter 


21.8 

1.11 

Steady 

X 



58 

10-13-61 

0948 

Fighter 


14.0 

.9 to 1.22 

Maneuver 


X 


59 

10-13-61 

0954 

Fighter 


14.0 

.9 to 1.24 

Maneuver 


X 


60 

10-13-61 

lOOO 

Fighter 


13-8 

.9 to 1.22 

Maneuver 


X 


6l 

10-17-61 

0900 

Bomber 

83,200 

72.0 

1.60 

Steady 



X 

62 

10-17-61 

0915 

Bomber 

71,200 

74.7 

1.65 

Steady 



X 

63 

10-17-61 



0920 

Bomber 

65,200 



50.0 

2.0 

Steady 



X 


a No data - tracking failure. 

^No data - instrument failure. 
c No data - communications failure. 
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